Subunit proteins that make up functional GABA, receptors were localized by immunocytochemistry in the primary visual cortex (area 17) of adult monkeys and humans. Immunoreactivity for the al, 82/3, and y2 subunits is greatest in layers (11-111, IVA and WC) of monkey area 17 that contain the highest density of GABA neurons and terminals. Immunostaining for each subunit is unevenly distributed in layers II and Ill, where patches of immunoreactivity correspond to regions of intense cytochrome oxidase (CO) staining, and in layer IVA, where intense immunoreactivity forms a honeycomb pattern identical to the CO staining pattern. Immunoreactivity for the subunits is localized principally within the neuropil, which, by simultaneous comparison with the distribution of microtubule-associated protein immunostaining, was found to include bundles of thin dendrites and zones of numerous dendritic segments.
In addition, 72 immunostaining surrounds the somata of a subpopulation of GABAergic neurons, immunoreactive for the calcium-binding protein parvalbumin.
All three subunits are present in the somata and processes of neurons that occupy the white matter subjacent to monkey area 17. In human visual cortex, the al, @2/3, and y2 subunits are distributed in a manner similar to that found in monkeys, with relatively intense immunostaining in layers IVC and IVA. In layer IVC, vertical stripes of intense receptor immunostaining (20-30 pm wide) alternate with wider stripes of pale immunostaining (30-60 pm wide). In the upper and lower halves of IVCD, these stripes form lattices similar to those in layers IVC and IVA of monkeys. The amino acid neurotransmitter GABA inhibits neurons of the cerebral cortex through a hyperpolarization produced by the opening of Cl-channels (Krnjevie, 1984; Alger 1985) . Each of these GABA-gated chloride channels is part of a GABA, receptor complex (Barnard et al., 1987) , which is characterized by its sensitivity to the antagonists bicuculline and picrotoxin, and to pharmacological agents, including benzodiazepines and barbiturates (Olsen and Venter, 1986) . Other G-protein linked GABA, receptors (Bowery et al., 1990) are also present in the cerebral cortex (Rakic et al., 1988) , but it is the GABA, receptors that mediate rapid intracortical inhibition (Alger, 1985; Stephenson, 1988; Burt and Kamatchi, 199 1) . GABA, receptors are composed of at least five classes of subunit proteins, designated cy, & y, 6, and p, that differ in their genomic sequences (Fuchs et al., 1988; Khrestchatisky et al., 1989; Schofield, 1989; Shivers et al., 1989; Cutting et al., 199 1) . The subunit classes include multiple variants (al-6, @l-4, and ~1-3) that display considerable sequence homology (Schofield, 1989; Olsen and Tobin, 1990; Seeburg et al., 1990) . Coexpression studies have found that each subunit is sensitive to GABA and can form chloride ion channels but that (Y-, p-, and r-subunits are required for the expression of a fully functional GABA, receptor, in which benzodiazepine binding increases the affinity of the receptor for GABA (Levitan et al., 1988a,b; Prichett et al., 1989b; Moss et al., 1991) . Presumably, the distribution of one subunit or of a single variant would follow the distribution of others if a homogeneous population of GABA, receptors were present in the mammalian cerebral cortex. However, the distribution of neurons in the cerebral cortex and other parts of the CNS expressing mRNAs for a particular subunit of the GABA, receptor often differs from the pattern displayed for other subunits. In the rodent cerebral cortex the most abundant subunit variants (al, p2, p3, and 72) are expressed by neurons in the same laminar pattern, but cells expressing other variants (LYE, a3, p 1, and y 1) are present in different patterns (Wisden et al., 1992) . This differential expression of receptor subunits is likely to contribute to a physiological diversity of GABA, receptor-mediated activities in the CNS (Wisden et al., 1992) .
Previous studies of monkey primary visual cortex (area 17) have localized GABA, receptors principally by the distribution of 3H-muscimol and flunitrazepam binding sites (Shaw and Cynader, 1986; Rakic et al., 1988) . In normal monkeys, radioligand binding produces patterns that are similar but not identical to those found with immunocytochemical localization of the p2/3 subunits (Hendry et al., 1990) . These data suggest that subunits ofthe GABA, receptor may be differentially localized in monkey area 17. Radioligand binding studies also reveal that GABA, receptors in human visual cortex are distributed in patterns similak to those in monkey area 17, with highest densities in layers II-III and IVC (Zezula et al., 1988) . While these data indicate a basic similarity in the distribution of GABA, receptors in monkeys and humans, the radioligand binding methods on which they are based are known to obscure details of receptor distribution, such as the prominent density of GABA, receptors (@2/3 subunits) detected immunocytochemically in layer IVA of monkeys, their uneven, lattice-like distribution in this layer, and the inhomogeneous, strip-like distribution of these subunits in layer IVC (Hendry et al., 1990) . The absence of a high density of binding sites in layer IVA of human visual cortex (Zezula et al., 1988) could arise from similar, technical limitations but may also reflect a difference in organization or neurochemical features. Such differences have been seen previously as an absence of intense cytochrome oxidase (CO) histochemical staining in layer IVA of human visual cortex (Horton and HedleyWhite, 1984; Wong-Riley et al., 1993) . These questions of differential subunit distribution in monkey visual cortex and possible variation between monkey and human visual cortex were addressed in the present study by examining the distribution of immunocytochemically localized oil, p2/3, and y2 subunits in area 17 of normal monkeys and humans.
Ligand-binding and immunocytochemistry demonstrate that the density of GABA, receptors in adult monkey visual cortex is altered by monocular deprivation. Immunocytochemically detectable levels of the /32/3 subunits and the binding of radiolabeled muscimol and flunitrazepam are reduced in visual cortical neurons deprived of visual input by intraocular injection of the sodium channel blocker TTX (Hendry et al., 1990) . The reductions in receptor levels parallel reductions in GABA-and glutamate decarboxylase (GAD) immunoreactivity in cortical neurons related to the deprived eye Jones, 1986, 1988) . Thus, unlike at many synapses in the PNS and CNS, where loss of neurotransmitter leads to compensatory increases in neurotransmitter receptors (Miledi, 1960; Lomo and Rosenthal, 1972; Klein et al., 1989) reductions in GABA in monkey area 17 appear to be accompanied by downregulation of GABA, receptors. However, the previous study of GABA, receptor regulation focused on the p2/3 subunits. Other subunits could remain at normal levels, thus preserving most functional properties of the receptor, or they could display compensatory increases. In the present study, immunocytochemical methods were used to examine the distribution of cul, @2/3, and y2 subunits in monocularly deprived monkeys to determine whether each is affected by loss of visual input from one retina. These subunit variants were chosen because they are the most abundant in the mammalian cerebral cortex (Wisden et al., 1992) and, together, form a functional GABA, receptor (Levitan et al., 1988a; Prichett et al., 1989b; Moss et al., 199 1) . Our findings indicate the three are similarly distributed in monkey and human visual cortex and that all are regulated by visual activity in adulthood.
Some of these results have been presented in abstract form (Huntsman et al., 1991) .
Materials and Methods
Seven adult macaques (M. mulatta and M. fascicularis), aged 3.5-7.5 years, were used in this study. Two were normal and five were deprived of vision in one eye by the injection of TTX (15 &lo ~1) into the vitreous body every 5 d for a total of 5, 10, 15, or 30 d. With each injection, the monkeys were anesthetized with ketamine (20 mg/kg, i.m.), after which a topical ophthalmic anesthetic was delivered by placing three or four drops into one eye. Injections of TTX were made through the sclera with a 10 ~1 Hamilton syringe fitted with a sterile, disposable 30 gauge needle. After the injections were made, a sterile ophthalmic ointment containing bacitracin, neomycin, polymyxin, and 1% hydrocortisone acetate was applied to the cornea and sclera of the injected eye. All monkeys were killed by an overdose of Nembutal(lO0 mg/kg, i.v.). They were perfused through the heart with 3% or 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The brains were removed, cut into blocks, and placed in 20% phosphate-buffered sucrose for 3-5 d at 4°C. Most blocks of the occinital lobes were cut so that the lateral surface could be flattened while f;eezing. Other blocks were cut into 5-lo-mm-wide sagittally oriented blocks. All were frozen on dry ice. Sections were cut parallel to the flattened lateral surface or in the sagittal plane, alternating at 20 and 40 pm; the thinner sections were prepared for immunocytochemistty and the thicker for cytochrome oxidase (CO) histochemistry. Selected sections were stained with thionin.
Occipital lobes from three neurologically normal humans (aged 7 l-79 years) were taken 4-7 hr postmortem, cut into blocks, and fixed by immersion in 4% paraformaldehyde in 0.1 M phosphate buffer overnight at 4°C. The blocks were transferred to 20% phosphate-buffered sucrose and frozen on dry ice. Sections from these blocks were cut in the frontal plane at 40-50 wrn and most were reacted in a phosphate-buffered solution of 50% ethanol and 0.3% hydrogen peroxide for 20-30 min at room temperature to eliminate endogenous peroxidase activity. The sections were then washed several times in phosphate buffer and processed for immunocytochemistry (see below). Fixation time and section thickness were greater than those employed in processing monkey tissue because of the much greater fragility of the human postmortem material. A separate series of human sections was reacted for CO in the presence of catalase (Horton and Hedley-White, 1984) , and selected sections of human area 17 were mounted and stained with thionin. Some blocks were immersed in fixative for a short time and then dissected to include only upper or lower banks of the calcarine fissure. These were gently flattened between slides and postfixed for several days at 4°C. They were then processed as above.
Sections of both monkey and human cortex were preincubated in dilution buffer (3% normal horse or goat serum and 0.1% Triton X-100 in 0.1 M phosphate buffer) overnight at 4°C and transferred to dilution buffer containing a 1: 1000 dilution of rabbit anti-a 1 antiserum (Benke et al., 199 1 a) , rabbit anti-72 antiserum (Benke et al., 199 1 b) , or mouse anti-P2/3 antibody . The rabbit antisera were raised against peptides specific for the respective subunits. Their specificity for subunits of the monkey GABA, receptor was determined by immunoblots of monkey cerebral cortex. Each antiserum reacted with only a single band, that recognized by anti-al had a molecular weight of 51 kDa, and that recognized by anti-y2, a molecular weight of 46-48 kDa. The monoclonal antibody to the 82/3 subunits recognizes a 57 kDa protein from bovine brain . A previous study comparing the pattern of immunostaining with this antibody in monkey visual cortex with the pattern produced by binding of 3H-muscimol and 3H-flunitrazepan revealed similar distributions with both methods (Hendry et al., 1990) , indicating that the antibody recognizes @2/3 subunits in monkey cortex. Some sections were incubated in anti-72 antiserum purified by affinity chromatography over a Sepharose G6 column to which the peptide used for immunization was bound (Benke et al., 1991 b) . All sections were incubated at 4°C for 24-36 hr, washed, processed by the avidin-biotin-peroxidase method, and reacted in 3,3'-diaminobenzidine and hydrogen peroxide. All sections were mounted on gelatin-subbed slides, dehydrated, and coverslipped.
Selected sections of normal monkey visual cortex were also processed for the simultaneous immunofluorescent detection of two antigens. Three antibody combinations were used: rabbit anti-al subunit and mouse anti+32/3 subunits, mouse anti-@2/3 subunits, and rabbit anti-microtubule-associated proteins (MAPS; ICN, Irvine, CA; diluted 1:4000), and rabbit anti-y2subunit and mouse anti-parvalbumin (Sigma Chemical Co.. St. Louis. MO: diluted 1:12.000). The anti-MAPS antiserum recognized preferentially the neuronal soma/dendrite-specific MAP 2. For each combination, frozen sections, cut at 10 pm, were preincubated as above and placed in a solution containing both primary antibodies. They were incubated for 12-18 hr at 4"C, washed and processed in a rhodamine-conjugated donkey anti-rabbit IgG (Chemicon, Inc.) and a biotinylated horse anti-mouse IgG (Vector, Inc.) for 1 hr. After further washing, the sections were transferred to a fluorescein isothiocyanateconjugated streptavidin (Chemicon, Inc.) solution for 1 hr. The sections were mounted onto clean slides, covered in glycerol/phosphate buffer, examined, and photographed under epifluorescence with rhodamine and fluorescein filter cubes.
Control experiments involved the replacement of the specific anti-al or y2 antisera or anti-@2/3 monoclonal antibody with nonimmune rabbit serum or nonimmune mouse serum. For the immunofluorescence experiments, the anti-72, -(Y 1, and -MAPS antisera were replaced with nonimmune rabbit serum, the anti-fl2/3 with normal mouse serum and the anti-parvalbumin with antibody adsorbed with 10 PM parvalbumin conjugated to polyacrylamide (Sigma Chemical Co). Each of these replacement or adsorption procedures eliminated the specific immunostaining and left a very light diffuse reaction.
Results
GABA, receptor subunit distribution in normal monkey area 17 Laminar distribution. Immunoreactivity for the cul, p2/3, and y2 subunits of the receptor was unevenly distributed in monkey area 17 (Fig. 1 ). Immunoreactivity for cul was present in all layers but was most intense in three wide bands, which included layers II-III, IVC@, and VI, and in an additional, very narrow band, restricted to layer IVA (Fig. 1B) . Immunoreactivity for @2/3 was similarly distributed, with intense immunostaining in layers II-III, IVA, and VI and greater immunostaining in layer IVCp than in layer IVCa (Fig. 1C) . Immunoreactivity for y2 was also relatively intense in layer IVC; the difference between IV& and IVCP was less than that detected for the other subunits. A moderately intense, thin band was present in layer IVA but the immunostaining in that layer, in layers II and III and in layer VI was less than that seen for the al and @2/3 subunits ( Fig. 1D ). For all three subunits, layers I, IVB, and V contained light to moderate immunostaining.
Immunoreactivity for the otl and p2/3 subunits was located in the .neuropil of each layer, such that the somata and large dendrites of neurons were conspicuous as unstained regions (Figs. 2, 3) . The immunostained neuropil frequently occurred in small clusters, especially in layer IVC ( Fig. 2A, B ) and the staining for each subunit appeared punctate or formed thin rims around circular unstained regions (Fig. 2C ). Direct comparison of immunostaining for @2/3 subunits with that for MAPS demonstrated that the receptor immunoreactivity was absent from the somata and large primary dendrites of cortical neurons ( Fig.   3A-D) . Instead, intense receptor immunostaining was found in regions that contained radial bundles of dendrites (Fig. 3A , B,E,F) or in clusters that contained high densities of thin dendritic segments ( Fig. 3C-F) . As with immunoperoxidase-based localization methods, the immunofluorescent methods revealed evidence of thin rims of receptor subunit immunostaining apposed to the somata and large primary dendrites of cortical neurons ( Fig. 3A-D) .
With antibodies to al and fi2/3 subunits, few cells, present only at the border between layer VI and the white matter, displayed cytoplasmic immunoreactivity (Fig. 4) . This immunostaining filled the somata and long processes of these cells (Fig.   4A ), which often formed elaborate plexuses (Fig. 4B ). Because of their sizes and morphologies, we considered it most likely these cells were neurons, but to determine their identity conclusively we compared immunoreactivity for p2/3 subunits with that for MAPS. All cells immunostained for fi2/3 subunits in the white matter were also immunostained for MAPS (Fig. 4C,D) , demonstrating they were neurons.
Much of the 72 immunoreactivity was also located in the neuropil, in which fine punctate profiles were stained. In addition, numerous somata through the thickness of area 17 displayed intense cell surface immunostaining with both the nonpurified and the affinity-purified anti-72 antisera (Fig. 5) . Most of the surface-immunostained neurons occupied layers I-IV& but some were present in layers IVC@-VI (Fig. 5A,B ). This immunostaining appeared as a surface matrix of intensely immunoreactive material that surrounded unstained punctate zones, l-2 km in diameter (Fig. 5C ). The matrix covered the surfaces of somata and primary dendrites of cells that resembled nonpyramidal neurons, by both the round or oblong shape of the somata and the absence of prominent apical dendrites (Fig. SC) . The surface-immunostained cells were conclusively identified as nonpyramidal cells and were classified as a subpopulation of GABA neurons in experiments where y2 receptor immunofluorescence was localized simultaneously with immunofluorescence for parvalbumin (Fig. 5&G) , a protein that coexists with GABA in neurons of monkey area 17 (Hendry et al., 1989; Van Brederode et al., 1990) . All neurons with y2 surface immunostaining were also parvalbumin immunoreactive (Fig. 5&G ), yet some parvalbumin-positive somata in all layers of area 17 displayed no 72 surface immunostaining.
Compartmental distribution. Intense immunoreactivity for the p2/3 subunits occupied the regions of the CO-rich puffs in layers II-III ( Fig. 6C ; see also Hendry et al., 1990) . A similar pattern of immunoreactivity for the ~yl and y2 subunits was also detected, as periodic patches of relatively intense otl and 72 immunostaining lined up in rows through layers II and III (Fig.   6B,D) . These patches were as robust as those immunostained for @2/3 and were similar in size (approximately 80 x 120 pm) and in their distribution in rows. Comparison of the immunostaining for a 1, p2/3, or y2 with the histochemical staining for CO (Fig. 6A) showed that each immunostained patch in layers II and III corresponded to a CO puff. Immunostaining for crl, p2/3, and y2 subunits was uniform in layers IVB, V, and VI, with no evidence ofimmunostained patches, even though these layers also contain CO puffs.
Immunostaining for the @2/3 subunits in layer IVA consists of an intense lattice (Fig. 7B,E) , which was found previously to correspond to the walls of the CO-stained honeycomb in that layer (Hendry et al., 1990) . A similar immunostained lattice was detected with localization of both the cul (Fig. 7A,D) and 72 
subunits (Fig. 7C). As with immunoreactivity
for the /32/3 subunits, immunoreactivity for the (~1 and y2 subunits in layer IVA included thin walls, approximately 20 pm thick, in which the staining was relatively intense. These walls were seen in tangentially cut sections to surround lightly immunostained, circular or oblong regions, 40-l 20 pm in diameter (Fig. 70) . Within both the walls of the lattice and the central, lightly stained regions were numerous unstained neuronal somata (Fig. 7D,E) .
In layer IVC, immunoreactivity for all the subunits appeared uniform at low magnification, with no evidence of periodic patches,or stripes. However, at high magnification a lattice of immunoreactivity was detected for each subunit (Fig. 2) . This lattice had an irregular pattern in which thin walls of intense immunoreactivity surrounded lighter stained regions that contained a relatively pale neuropil and two or three unstained somata. Because of the similarity in subunit distribution in layers IVA and IVC, particularly the presence of all three within the thin latticework of layers IVA and IVC, coexistence of subunits appeared likely. Direct comparison of oil and p2/3 distribution in these layers showed the two to occupy the same locations (Fig. 8) . Even at the highest magnifications, immunostaining for both subunits overlapped completely.
Distribution in human area 17
The pattern of GABA, receptor subunit immunoreactivity localized in area 17 of humans was similar to that seen in area 17 of macaques. In frontal sections through the human visual cortex, intense immunoreactivity for all three subunits was present in layer IVC and, to a lesser extent, in layers II-III and VI (Fig. 9) . Immunoreactivity for all three subunits appeared more intense in layer IV@ than in IV&, although this difference was particularly obvious for the p2/3 subunits (Fig. 9C) . Immunoreactivity for cul (Fig. 9B) and y2 (Fig. 9D ) appeared more even in intensity through the depth ofthis layer. For all subunits, but especially the p2/3 subunits, a thin, relatively intensely immunostained band was also present in layer IVA (Fig. 9C) .
As in the white matter beneath monkey area 17, neurons subjacent to human area 17 displayed cytoplasmic immuno- staining of somata and processes (Fig. 10B) . These neurons rowed and the lightly stained stripes between them widened resembled closely the cells in the white matter beneath monkey (Fig. 11A ). This change in pattern was obvious in tangential cortex. Also, as in the monkey, immunoreactivity for the y2 sections through layer IVCp. At its superficial extreme, the insubunit included not only punctate profiles in the neuropil but tensely immunostained stripes appeared as a loosely organized also a matrix on the surfaces of some neurons (Fig. lOA) , These lattice that surrounded a series of circular or oblong, lightly cells were most commonly found in layers II-IVB.
immunostained zones (Fig. 11D ). This region appeared very An uneven distribution of receptor immunostaining characsimilar to layer IVA of monkey area 17 (compare Figs. 7A-C, terized layer IVC of the human visual cortex and was particu-11D). Only 160 pm deeper in layer IVC, the /32/3 immunolarly evident with localization of p2/3 subunits (Figs. 9C, 11A) .
staining appeared as a much more tightly organized lattice, in Immunostaining for those subunits consisted of thin, radially which intensely immunostained clusters surrounded small, lightly oriented stripes of intensely immunoreactive processes, 20-30 immunostained regions (Fig. 11E ). pm wide, separated by wider stripes (30-60 ym wide) in which
In sections cut along radial lines, the immunostained stripes the immunostaining was extremely light. The width of the inof layer IVCP extended into layer IV& and continued through tensely immunostained stripes was greatest in the deepest part layer IVB, into layer IVA of human area 17 (Fig. 9C) . Tangential of layer IVQ, where the width of the lightly stained stripes was sections through layers IV& and IVA displayed evidence of correspondingly least. Yet at progressively more superficial louneven staining yet the immunoreactivity was insufficiently incations in this layer, the intensely immunostained stripes nartense to determine if it formed a lattice. Similarly, the immu- the patches of (Y 1, p2/3, and 72 immunostaining are found to coincide with the puffs of intense CO staining. Scale bar, 700 pm. nostaining of layers II and III was too light to determine if patches 'of receptor immunoreactivity existed. This failure to produce intense immunostaining in tangential sections through layers that were well stained in frontal sections is most likely related to the flattening procedure and prolonged aldehyde fixation that accompanied it.
Surrounded by the intensely immunostained lattice in both superficial and deep layer IVCP were numerous unstained circular regions (Fig. 1 lB) , which appeared to be neuronal somata.
The pattern was typical of the neuropil immunostaining in all layers of human visual cortex and consisted of punctate zones that varied in size and in intensity of immunostaining (Fig.  11C ).
Deprivation-induced changes in receptor immunostaining
The distribution of immunoreactivity for the crl, ,62/3, and y2 subunits in layer IVC of monkey area 17 changed following the elimination of ganglion cell activity in one retina: instead of Individual somata (arrows) that display intense cell-surface immunostaining for 72 are also parvalbumin immunoreactive, indicating they are Figure 8 . Colocalization of ~yl and @2/3 subunits in layer IV of monkey visual cortex. A and B, Simultaneous immunofluorescent detection of 0l1 (A) and p2/3 (B) subunits in layer IVA, using rabbit anti-or1 and mouse anti-P213 antibodies. Intense immunoreactivity for these subunits is present in the same regions, including a central cluster and thin arms of a lattice (arrows). C and D, Localization of oil (C) and @2/3 (0) in layer IVCp. Clusters of intense immunoreactivity, two of which are indicated by arrows, make up the immunostaining patterns for these subunits in layer IVCp. The same regions, which include punctate zones of immunoreactivity, are immunostained with the two antibodies. Scale bar, 50 Nrn.
homogeneously intense immunoreactivity, the pattern of localization for each subunit became one of alternating lightly and intensely immunostained stripes, each 300-500 Nrn wide (Figs. 12, 13) . Comparison with adjacent sections histochemically stained for CO showed that the lightly immunostained stripes corresponded to the lightly CO-stained stripes (deprived-eye stripes) and darkly immunostained stripes corresponded to darkly CO-stained stripes (normal-eye stripes). The same pattern was found in both layer IV& and layer IVCP with alternating stripes of intense and light immunostaining detected in both sublaminae, corresponding to alternating stripes of intense and light c CO staining. Simultaneous processing of sections through area 17 from normal and monocularly deprived monkeys produced immunostaining in layer IVC of the normal monkey that was similar in intensity to the immunostaining of normal-eye columns and was markedly greater than the immunostaining of deprived-eye columns in the TTX-injected monkeys. The time course of the changes in receptor subunit immunostaining was determined by examining sections from monkeys monocularly deprived for 5-30 d. At the earliest survival time, stripes, lightly and intensely immunostained for LY 1, p2/3, and y2 subunits were evident in layer IVC (Fig. 12) . The stripes Figure 7 . Receptor subunit immunostaining in layer IVA of monkey visual cortex. A-C, Photomicrographs of tangential sections from the same monkey immunostained for oil (A), p2/3 (B), and y2 (C). For each subunit, a lattice, composed of intensely immunostained walls, surrounds more lightly immunostained central regions. The intensely stained walls surround regions that vary in width from 40 to 120 pm in diameter. The lattice walls are more intensely immunostained for cul and /32/3 than 72. D and E, High-magnification photomicrographs of 0l1 (0) and p2/3 (E) immunostaining. With both subunits, the intensely immunostained lattice walls surround regions that contain circular unstained regions, which we interpret as the somata of unstained neurons. Scale bar: 200 pm for A-C, 100 pm for D, 50 pm for E. Figure 9 . Distribution of GABA, receptor subunit immunostaining in normal human visual cortex. A, Photomicrograph of a section stained with thionin. The relative size and density of neurons were used to divide area I7 into six layers (Z-VI) and to subdivide layer IV into four sublaminae. B-D, Photomicrographs of adjacent sections immunostained for cul (B), @2/3 (C), and y2 (0). All are most intensely immunostained in layer IVC, particularly in layer IVC& Enhanced immunostaining is present in layer IVA in sections processed for each of the subunits and especially for @2/3 (C). Scale bar, 250 pm.
persisted through the intermediate survival periods and were still apparent in sections immunostained for each subunit after 30 d of monocular deprivation (Fig. 13) .
The lighter immunostaining in layer IVC of stripes related to the TTX-injected eye appeared as a general reduction in the intensity of neuropil immunoreactivity for each of the three subunits. Because the neuropil immunostaining was diffusely distributed as very small puncta (see above) it could not be determined whether the reduced immunostaining represented a reduction in the number or in the intensity of immunostained elements. For the 72 subunit, the reduction in immunostaining was found only in the neuropil and did not appear to involve changes in the intense immunoreactivity along the surfaces of neurons in layer IVC.
Discussion
GABA, receptors are the principal mediators of synaptic inhibition in the mammalian CNS. They are the sites at which several pharmacological agents and, putatively, several endogenous compounds operate, including not only GABA and its agonists but also benzodiazepines, barbiturates, alcohol, and steroids (Stephenson, 1988; Sieghart, 1989; Olsen and Tobin, 1990; Burt and Kamatchi, 199 1) . GABA, receptors are thought to resemble other members of the ligand-gated ion channel family in their composition of five subunit proteins surrounding a central ion channel (Olsen and Venter, 1986; Burt and Kamatchi, 199 1; Ltiddens and Wisden, 199 1) . The wide diversity of GABA, subunit variants makes it possible for some 200,000 combinations to exist in the mammalian CNS, yet it is likely that fewer than 100 are actually assembled into functional receptors by mammalian neurons (Burt and Kamatchi, 1991) . These combinations differ from one another in their response to the release ofGABA or the administration ofpharmacological agents (Sieghart, 1989; Sigel et al., 1990; Burt and Kamatchi, 1991) .
The principal observations of the present study are that three major subunit variants of the GABA, receptor are distributed in very similar patterns within monkey area 17, that their dis-Fgure 10. High-magnification photomicrographs of GABA, receptor immunostaining in human visual cortex. A, Immunostaining for 72 in layer IVB of human visual cortex. Several somata (arrowheads) display intense cell-surface immunostaining. B, Immunostaining for cul at the border between layer VI and the white matter. Neuronal somata (arrows) and their processes in this region display intense cytoplasmic immunostaining. Scale bar, 7.5 pm. tribution in the human visual cortex is similar to that in monkeys, and that all three subunits respond identically and, as closely as we can determine, simultaneously to the loss of visual input from one eye. These observations suggest that the combinations 01 lb272 and/or LY l/3372 are commonly assembled by primate visual cortical neurons and that they are regulated by the same neuronal mechanisms. Recent studies of rat cerebral cortex demonstrate that the a 1,02/3, and y2 subunits frequently coexist in purified receptor complex (Benke et al., 199 1 b; Khan et al., 1992) and are colocalized in single neurons (Fritschy et al., 1992) . The presence of al, p2/3, and y2 subunits in the narrow confines of layer IVA and layer IVC lattices in monkeys and humans and the simultaneous immunofluorescent detection of o( 1 and p2/3 in the same elements of monkey cortex indicate these subunits coexist in neurons of primate area 17. In vitro expression studies indicate that combination of oil, fi2, or @3 and ~2 confers the full range of physiological activity to GABA, receptors and that the receptors display typical benzodiazepine I pharmacology (Olson and Tobin, 1990; Burt and Kamatchi, 1991) . It is assumed that where cul, /32/3, and y2 subunits are unevenly distributed or where other variants of LY, & or y or another subunit, 6, are expressed by visual cortical neurons, the physiological and pharmacological properties of the GABA, receptors will vary.
Subunit distribution in monkey area 17 et al., 1990). Comparison of immunocytochemical staining patterns in the present study indicates that the (~1, p2/3, and y2 subunit variants adopt a very similar distribution, including the presence of intense immunoreactivity in each of the layers that display high densities of ligand binding and, in addition, in layer IVA. These patterns of receptor localization follow the pattern of GABA terminal localization (Hendrickson et al., 198 1; Fitzpatrick et al., 1987; Hendry et al., 1987) , indicating that the major inhibitory neurotransmitter in monkey visual cortex and its principal receptor complex are closely matched.
Except for the somata and processes of neurons in the white matter, cell bodies and dendrites were not immunostained for oil or @2/3 in monkey area 17. Instead, the immunostaining consisted principally of tiny punctate profiles scattered throughout the neuropil and of thin profiles that outlined most circular or oblong unstained regions. These unstained regions were identified as neuronal somata, by their immunoreactivity for the neuron-specific marker MAPS. Much of the y2 immunostaining was similar in its distribution within the neuropil. Such a pattern, with its emphasis on no particular cell type or neuronal element, was one that was expected, given the very large number of synapses formed by GABA terminals and their diverse targets in monkey area 17 (Hendrickson et al., 198 1; Fitzpatrick et al., 1987) . Thus, even though GABA terminals in monkey area 17 synapse most often upon pyramidal cells, that innervation is not targeted specifically at the somata and primary dendrites of Previous studies of GABA, receptor localization in macaque pyramidal cells but is densest on smaller, more peripheral denarea 17 have identified a markedly uneven laminar distribution, drites (Beaulieu et al., 1992) . Our finding that receptor subunit with the greatest density of sites that bind muscimol or fluniimmunostaining was densest in regions that contained clusters trazepam in layers II-III and IVC and moderate densities in of thin, presumably peripheral dendrites, is consistent with the layer VI (Shaw and Cynader, 1986; Rakic et al., 1988 ; Hendry quantitative results. Immunoreactivity for the y2 subunit in monkey area 17 was located not only in the neuropil but also intensely around the somata of a subpopulation of GABA neurons. The cellular location of the immunoreactivity and its appearance around the individual somata closely resemble the patterns observed for immunostaining with antibodies against certain uncharacterized antigens DeYoe et al., 1990 ) and the binding of certain lectins (Mulligan et al., 1989) in the monkey visual cortex. A similar pattern of pericellular immunostaining can result from the inadvertent localization ofan epitope present in the carrier protein keyhole limpet hemocyanin used in the original immunogen (Mulligan et al., 1992) . However, cell surface immunoreactivity in the present study was produced with an anti-72 antiserum purified by affinity chromatography. In addition, the anti-72 antiserum recognizes a single protein band from monkey brain with an apparent molecular weight identical to that of y2 in other species. These data indicate the surface immunostaining produced with the anti-g2 antiserum arises from recognition of an epitope on the y2 subunit, itself. Similarly intense surface immunostaining for other GABA, receptor subunits has been noted previously for neurons of cat visual cortex (Somogyi, 1989) .
Previous studies have noted the frequent extrasynaptic location of GABA, receptor subunits in mammalian cerebral and cerebellar cortex Somogyi, 1989; Somogyi et al., 1989) . Receptor immunoreactivity has been localized to axons and to nonsynaptic regions of somata and dendrites (Somogyi, 1989; Somogyi et al., 1989) . The y2 surface immunoreactivity in monkey and human visual cortex also appears to be extrasynaptic, with densest immunostaining surrounding regions that resemble zones of axosomatic contact.
Comparison of GABA, receptor subunits in human and monkey visual cortex Studies that have addressed the organization and neurochemical characteristics of the human primary visual cortex have stressed its similarity to monkey primary visual cortex. As in monkeys, area 17 in humans contains patches or puffs of intense CO activity in layers II-III, IVB, and VI and displays a regular pattern of ocular dominance columns in layer IVC (Horton and Hedley-White, 1984) . Patterns of immunocytochemically detected proteins are also similar in the two species (Campbell and Morrison, 1989; Gaspar et al., 1989; Bltimcke et al., 1990; Mesulam et al., 1992) . The findings of the present study indicate that the distribution of GABA, receptors is similar in area 17 of monkeys and humans, with a closely matching laminar distribution of all three subunits examined. That similarity extends to the presence of compartments in layer IVC, composed of alternating intensely stained and poorly stained stripes. Through Figure 12 . Reduction in GABA, receptor subunit immunoreactivity in laver IVC of an adult monkev monocularlv demived for 5 d bv a single intravitreal injection of TTX. A, Photomiciograph of a section stained histochemically for CO. Alternating darkly and lightly stained stripes correspond to normal-and deprived-eye columns, respectively. B-D, Photomicrographs of sections adjacent that in A, showing dark and light stripes immunostained for oil (B) , 82/3 (C), and 72 (0). Comparison of the same blood vessel profiles (arrows) shows that the intensely immunostained stripes are aligned with one another and with the stripes intensely stained for CO, while the lightly immunostained and lightly CO-stained stripes are aligned with another. Scale bar, 1.2 mm. the full thickness oflayer IVC in monkey visual cortex the stripes appear in tangential sections as a fine lattice (Hendry et al., 1990) . In human area 17, the receptor immunostaining forms different types of lattices in lower IVCP and upper IV@, with the more superficial and loosely organized lattice closely resembling the pattern seen in layer IVA of monkeys. Such a pattern is directly related to geniculocortical (Hubel and Wiesel, 1972; Hendrickson et al., 1978) and intrinsic GABAergic terminations (Fitzpatrick et al., 1987) in monkey visual cortex and might be similarly related in human area 17. The most compelling findings were not the differences but the similarities in area 17 of humans and monkeys, and how closely the two resemble the first somatic sensory area and precentral motor area of monkeys (Huntley et al., 1990 ) since all three display the common pattern of radial stripes of GABA, receptors. Such a pattern appears related to the segregation of intrinsic and thalamocortical inputs, not only in layer IVA of monkey area 17, but also in layer IVC, where immunostained thalamocortical and GABAergic terminals occupy clusters (DeFelipe and Jones, 199 l), similar to the ones seen immunostained for the GABA, receptor subunits (Hendry et al., 1990) . These data suggest that compartments made up of clusters or lattices may be a common feature of principal thalamocortical-recipient layers in sensory areas of both monkey and human cerebral cortex. Layer IVA of the human visual cortex is unlike that of the monkey in exhibiting no evidence of intense histochemical staining for CO (Horton and Hedley-White, 1984; Wong-Riley et al., 1993) a finding that suggests this layer might vary fundamentally between the two species, perhaps as a target of geniculocortical axons in monkeys and not in humans. However, layer IVA has the same cytoarchitecture in the two species, with a distinct group of small, closely spaced somata (Brodmann, 1909) . The present study also suggests that at least for the distribution of GABA, receptors, layer IVA in monkeys and humans is neurochemically similar since relatively intense immunoreactivity for the O( 1, p2/3, and y2 subunits of the GABA, receptor is present in both.
Patches of intense receptor immunostaining were detected in layers II-III of monkey visual cortex, which correspond to the regions of the CO puffs (Horton and Hubel, 198 1; Wong-Riley and Carroll, 1984; Hendrickson, 1985) . These are innervated by a distinct group of geniculocortical neurons (Fitzpatrick et al., 1983; Horton, 1984; Livingstone and Hubel, 1984) and display heightened immunostaining for GAD (Hendrickson et al., 1981) due to the presence of large GABAergic terminals (Fitzpatrick et al., 1987) . The localization of intense immunoreactivity for the LY 1, p2/3, and y2 subunits to the puffs in monkey area 17 suggests that relative densities of GABA terminals and tinctional GABA, receptors are matched in these regions. The failure to detect a patchy distribution of receptor immunoreactivity in human area 17 may be indicative of a basic difference in GABA, receptor distribution in monkeys and humans, or it may be due to the methods we found necessary in studying human cortex, including relatively long fixation times and relatively thick sections.
Regulation of subunit immunoreactivity
Loss of vision in one eye leads to rapid reductions in immunoreactivity for GABA and GAD in neurons within deprivedeye columns of the adult monkey visual cortex Jones, 1986, 1988) . The reduction in both immunostained somata and terminals appears to reflect an activity-dependent regulation of GAD within neurons deprived of normal visual input. A parallel reduction in immunoreactivity for the @2/3 subunits and in the binding of radiolabeled muscimol and flunitrazepam indicated previously that GABA, receptors were also downregulated in response to monocular deprivation (Hendry et al., 1990) . However, the complex biochemical composition of the GABA, receptor potentially could allow for changes in other subunits that might compensate for a reduction in /32/3 subunits. For example, reductions in the number of p-subunits and their constituent GABA binding sites could be matched by compensatory changes in a!-or y-subunits, which normally regulate the binding and efficacy of benzodiazepines (Levitan et al., 1988a,b; Prichett et al., 1989; Malherbe et al., 1990a,b) . The present findings demonstrate that for all three variants examined, otl, p2/3, and 72, monocular deprivation in adulthood leads to marked reductions in immunoreactive levels within deprived-eye columns. These changes in immunoreactivity appear to depend on reduced gene expression for each of the subunits as determined by in situ hybridization histochemistry (Huntsman et al., 1992) . The findings provide further evidence that GABA-mediated inhibition is likely to be reduced within the visual cortical regions dominated by a deprived eye.
Fully functional GABA, receptors, which display cooperativity of GABA binding and benzodiazepine-mediated increases in the affinity of the receptor complex for GABA, require a-, p-, and y-subunits (Prichett et al., 1989; Sigel et al., 1990; Moss et al., 199 1) . Yet each of these subunit classes includes several distinct variants (Sieghart, 1989; Olsen and Tobin, 1990) . Therefore, deprivation-induced reduction in immunoreactive levels of one subunit variant (e.g., (~1) might be accompanied by increased immunoreactive levels for other variants ((~2-6) of the same subunit class. Studies of properties displayed by different subunit combinations in expression systems suggest that a replacement of this type alters the physico-pharmacological properties of the receptor complex. For example, in an cv& combination, substitution of 012, -3, or -5 for oil changes the properties of the combined receptor complex from benzodiazepine type I to benzodiazepine type II (Pritchett et al., 1989a; Seeburg et al., 1990; Liiddens and Wisden, 199 1) . Such a change might account for the altered binding of flunitrazepam and the GABA agonist muscimol that was found previously in deprivedeye columns of monkey area 17 (Hendry et al., 1990) . Further studies devoted to examining all variants of a single receptor subunit class will be necessary to determine if reduced immunoreactivity for al, @2/3, and 72 occurs with changes in the concentration of other variants in these same classes.
Whereas most research over the past two decades has led to the conclusion that the visual cortex of adult monkeys displays little functional plasticity when deprived of normal, binocular vision von Noorden and Crawford, 1978; LeVay et al., 1980) , recent studies have found dramatic evidence for functional rearrangement in the visual cortex of adult cats and monkeys following manipulations ofboth eyes. These studies have shown that laser lesions in corresponding parts of the two retinas or lesions in one eye followed by enucleation of the other eye produce initial silent zones in area 17 followed by expansion into them of the bordering visual field representation (Kaas et al., 1990; Heinen and Skavenski, 199 1; Gilbert and Wiesel, 1992) . Similar expansions were reported earlier in the LGN of the cat (Eysel et al., 1980, 198 1; Eysel, 1982) but the size and speed of the cortical enlargement and the persistence of an LGN silent zone after the cortical rearrangement has taken place (Gilbert and Wiesel, 1992) argue against a thalamic mechanism for the observed plasticity. One obvious conclusion of the present study is that intracortical mechanisms that underlie the functional adaptability of the adult visual cortex may include activity-dependent changes in neurotransmitter and receptor levels that modify the efficacy of existing cortical connections.
